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I, Susan Kalled, declare: 

1 . I am a Principal Scientist in Molecular and Cellular Biology at Biogen Idee 
and have been employed at Biogen Idee (and its predecessor company, Biogen) in 
various scientific capacities since 1995. I received my Ph.D. in Immunology from Tufts 
University in 1991, and my B.A. in Microbiology from the University of New Hampshire 
in 1983. Most recently, I have been the Project Leader at Biogen Idee for the BAFF 
Program, and have authored or co-authored four review articles on the subject of BAFF 
and other TNF family members. 
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2. I have read and understood application Serial No. 09/91 1,777, including 
the claims as amended in the response filed with this Declaration. The claims, as 
amended, are drawn to methods of inhibiting B-cell growth, immunoglobulin production, 
or both. The claimed methods involve administering to an animal a therapeutically 
effective amount of an anti-BAFF antibody that specifically recognizes human or murine 
BAFF. 

3. We have evaluated treatment of BAFF transgenic (BAFF Tg) mice with a 
soluble form of a BAFF receptor, BCMA (B cell maturation antigen). 

4. BAFF Tg mice expressing full-length murine BAFF under the control of 
liver specific regulatory sequences were generated as described in Mackay et al. (1999) 
J. Exp. Med., 190(1 1): 1697-710. BCMA-Fc was prepared as described in Thompson et 
al. (2000) J. Exp. Med., 192(1): 129-35. 

5. Six-month-old BAFF Tg mice and non-Tg littermate controls received 
intraperitoneal injections of PBS, 400 \*q of BCMA-Fc, or 400 pg of polyclonal human 
IgG (hlg) once a week for five weeks. 

6. We monitored proteinuria each week to assess renal function, and upon 
sacrifice, analyzed spleen weight and total serum Ig titers. The effect on splenomegaly 
was determined by examining spleen weights of treated and control mice. 
Splenomegaly and hypergammaglobulinemia were reduced upon treatment with 
BCMA-Fc as compared to a control. As shown in Table 1 , the geometric mean of total 
serum Ig was reduced four-fold in BAFF Tg mice treated with BCMA-Fc, a significant 
reduction (p=0.02) when compared with BAFF Tg mice treated with control antibody. 



2 



Attorney Docket No. 08201 .0024-000 
Application No. 09/91 1 ,777 



These results indicate that immunoglobulin production is inhibited following 
administration of the soluble BAFF receptor. 
Table 1. 



Mouse/Treatment 

BAFF Tg/hlgG 
802C06 
816B82 
816D20 
816E34 
823C48 
823C69 

BAFF Tg/BCMA-Fc 
802C05 
802C07 
802C09 
823C39 
823C41 
823C45 



Non-Tg/hlgG 
823B64 
823B66 
823B94 
823B98 



Total Serum la (ma/mD 



6.7 

4.7 

10.5 

4.4 

13 

9.7 

Geo Mean 7.5 
2 

0.7 
1.4 
2.2 
1.5 
8 

Geo Mean 1 .9 



3.9 
2.5 
5.6 
2.8 

Geo Mean 3.5 



7. We further assessed the effect of BCMA-Fc on the development of 
nephritis in the BAFF Tg mice, which involves immune complex deposition. Proteinuria 
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scores were determined prior to, during and after treatment. At the end of the 5-week 
treatment period, hlgG-treated mice showed no significant improvement over the pre- 
treatment score when compared to PBS-treated controls. In contrast, BCMA-Fc treated 
mice exhibited an average 50% improvement in proteinuria score at the end of the 5- 
week treatment period (Fig. 1). These results further demonstrate that immunoglobulin 
production is inhibited following administration of a soluble BAFF receptor. 




Figure 1 
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8. We also assessed the effect of BCMA-Fc on B cell numbers in the BAFF 
Tg mice. Single cell suspensions from spleens were prepared and analyzed by flow 
cytometry as described in Mackay et al. (1999) J. Exp. Med., 190(1 1):1 697-710. 
Splenocytes were stained with a fluorochrome-conjugated anti-B220 mAb to detect B 
lymphocytes as described in Thompson et al. (2001) Science, 293:2108-21 1 1 . 

9. BAFF Tg mice treated with control antibody (BAFF Tg/hlgG) had elevated 
numbers of B lymphocytes, including marginal zone (MZ, lgM bright / IgDV CD21 bright ) 
(Fig. 2, upper panel) and mature (lgM ,0W / IgDV CD21 int ) (Fig. 2, lower panel) B cells. 
Following treatment with BCMA-Fc (Tg BCMA), splenic levels of MZ B cells were 
reduced 10-fold (Fig. 2, upper panel) and mature B cells were reduced 11 -fold (Fig. 2, 
lower panel) compared to BAFF Tg mice treated with control antibody (Tg hlgG). These 
results indicate that B cell growth is inhibited following administration of a soluble BAFF 
receptor. 
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10. The above results demonstrate that sequestration of BAFF in a mouse 
model of Sjogren's syndrome leads to a reduction in total serum Ig, splenolomegaly, 
and the numbers of MZ and mature B cells. 

1 1 . Based on these results, I expect that administration of soluble forms of 
other BAFF receptors, such as BAFF-R and TACI, as well as anti-BAFF antibodies, will 
likewise result in a reduction in total serum Ig, splenolomegaly, and the numbers of MZ 
and mature B cells. 

12. I further declare that all statements made herein of my own knowledge are 
true and that all statements made on information and belief are believed to be true, and 
further, that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, under 
Section 1001 of Title 18 of the United States Code, and that such willful false 
statements may jeopardize the validity of the application or any patent issuing thereon. 





Susan Kalled, Ph.D. 
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Effects of LymphoStat-B, a BLyS Antagonist, when Administered Intravenously to Cynomolgus 
Monkeys. 

Category: 26 SLE — animal models 

Wendy B. G. Halpern 1 , Patrick Lappin 2 , Thomas Zanardi 2 , David M. Hilbert 1 , Paul A. Moore 1 , Vivian R. Albert 1 , Kevin P. 
Baker 1 , ^uman Genome Sciences Inc., Rockville, MD; 2 Charles River Laboratories, Sparks, NV 
Presentation Number: 1537 
Poster Board Number: 380 

Purpose: This study was conducted to evaluate the tolerability and effects of LymphoStat-B administered over 6 months to 
cynomolgus monkeys. LymphoStat-B is a fully-human IgGj lambda antibody directed against B-lymphocyte stimulator 

(BLyS ). BLyS is a TNF family member that supports B-lymphocyte maturation and survival and has been implicated in the 
pathogenesis of several autoimmune diseases. LymphoStat-B was developed to antagonize the activity of BLyS in 
autoimmune disease, where undesirable effects of B-lymphocyte activity may cause or contribute to disease. LymphoStat-B 
binds specifically and with high affinity to recombinant BLyS protein from both humans and cynomolgus monkeys, and 
neutralizes their bioactivity in vitro. 

Methods: LymphoStat-B was administered intravenously every other week to 16 monkeys per group at 5, 15 or 50 
mg/kg/dose. A vehicle control was administered to 12 monkeys. Pharmacodynamic study endpoints included 
immunophenotyping of peripheral blood and tissues (spleen and lymph node), as well as standard clinical and anatomic 
pathology. Pathology endpoints were evaluated after 3 and 6 months of treatment, and after an 8-month treatment free 
(recovery) period. 

Results: LymphoStat-B was well tolerated when administered intravenously to cynomolgus monkeys at doses up to 50 
mg/kg for as long as 26 weeks, with no treatment-related infections identified. As detected by flow cytometric methods, 
monkeys exposed to LymphoStat-B had significant decreases in peripheral blood CD20 + lymphocytes (B-cells) and 
CD20 + /CD21 + lymphocytes (mature B-cells) after 13 weeks of exposure, with concomitant decreases in spleen and lymph 
node B-lymphocyte representation (both CD20 + and CD20 + /CD2 1 + cells). In contrast, neither CD3 + T-lymphocytes nor 
CD37CD14 + monocytes were affected by LymphoStat-B. Microscopically, monkeys treated with LymphoStat-B had mild to 
marked decreases in the number and size of lymphoid follicles in the white pulp of the spleen. In addition, decreased spleen 
weights were evident after 26 weeks of exposure in LymphoStat-B treated monkeys. Overall there was a general correlation 
between peripheral blood B-lymphocytes, tissue B-lymphocyte representation, spleen weights and histologic findings. Total 
lymphocyte counts were similar in all groups throughout the study. In this study LymphoStat-B administration did not 
clearly affect globulins, albumin to globulin ratio, or immunoglobulin subclasses. All findings were generally reversible 
within the 8 month recovery period. 

Conclusions: These data confirm the specific pharmacologic activity of LymphoStat-B in reducing B-lymphocytes in the 
cynomolgus monkey. Furthermore, the nonclinical safety profile of LymphoStat-B in monkeys supports its clinical 
development as a potential therapeutic for the treatment of autoimmune disease. 
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Safety, Pharmacokinetic and Pharmacodynamic Results of a Phase 1 Single and Double Dose- 
Escalation Study of LymphoStat-B (Human Monoclonal Antibody to BLyS) in SLE Patients 

Category: 24 SLE — treatment: developments in the treatment of SLE 

R. Furie 1 , W. Stohl 2 , E. Ginzler 3 , M. Becker 4 , N. Mishra 5 , W. Chatham 6 , Joan T. Merrill 7 , A. Weinstein 8 , W. J. McCune 9 , J. 
Zhong 10 , W. Freimuth 10 , and the LymphoStat-B Study Group. ! North Shore Univ Hosp, Manhasset, NY; 2 USC, Los 
Angeles, CA; 3 SUNY Downstate, Brooklyn, NY; 4 U Chicago, Chicago, IL; 5 Wake Forest U, Winston-Salem, NC; 6 UAB, 
Birmingham, AL; 7 OMRF, Oklahoma City, OK; 8 Wash Hosp Ctr, Washington, DC; 9 U Michigan, Ann Arbor, MI; 10 Human 
Genome Sciences, Rockville, MD 
Presentation Number: 922 
Poster Board Number: 3 1 7 

Purpose: LymphoStat-B is a fully human monoclonal antibody (mAb), which inhibits soluble B-Lymphocyte Stimulator 
(BLyS). A randomized double-blind study evaluated the safety, tolerability, immunogenicity and pharmacology (PK) of 4 
different doses (1,4, 10, 20 mg/kg) of LymphoStat-B or placebo administered as a single IV infusion or 2 infusions 21 days 
apart. Subjects had stable mild to moderate SLE disease activity and were on a stable standard of care SLE treatment 
regimen for 2 months prior to enrollment. 

Methods: Patients were followed for 84-105 days for assessment of adverse events (AEs), PK and safety plus measurement 
of peripheral B-cell concentrations, serologies and disease activity (SELENA SLEDAI). Data from placebo subjects (n=13) 
in single or double dose cohorts were pooled and compared to LymphoStat-B subjects (n=57) in each of the 4 single or 
double dose cohorts. 

Results: Study subjects were predominantly female (91%) with an average age of 41 . The mean disease duration was 8.5 
years with a baseline mean SELENA SLEDAI score = 2.2. LymphoStat-B was well tolerated at all doses with no study 
withdrawals. The overall incidence of AEs was similar between LymphoStat-B and placebo groups. There was no increased 
incidence of infections in the treatment group, and none of the infections reported were attributed to study agent. Six patients 
experienced serious adverse events with similar frequencies observed in the placebo and treatment groups. None were 
deemed related to study agent. Severe (grade 3 and 4) laboratory abnormalities or AEs occurred infrequently. One patient 
experienced an infusion reaction at the highest single dose. One patient developed neutralizing antibodies to LymphoStat-B. 
Pharmacokinetics of single doses were dose-proportional. Long t 1/2 =13-17 days, slow clearance = 4.00 ± 1.56 mL/day/kg 
and small Vss = 68.19 ± 20.83 mL/kg are consistent with a fully human mAb. All LymphoStat-B cohorts had significant 
reductions of CD20 + cells (12-47%) at 1 or more visits from day 42-105 compared to placebo. Reductions in anti-dsDNA or 
Ig levels were observed in some LymphoStat-B cohorts compared to placebo. No change in SLE disease activity was 
observed over this short exposure. 

Conclusions: LymphoStat-B was well tolerated in SLE patients. There was a significant reduction of peripheral B-cells by 
LymphoStat-B consistent with its ability to bind and inhibit the biological activity of BLyS. These results support phase II 
trials testing for clinical benefit in patients with SLE and other autoimmune diseases. 
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BAFF/BLyS Receptor 3 Binds the B Cell 
Survival Factor BAFF Ligand through a Discrete 
Surface Loop and Promotes Processing of NF-kB2 
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Summary 

The TNF-like ligand BAFF/BLyS is a potent survival 
factor for B cells. It binds three receptors: TACI, BCMA, 
and BR3. We show that BR3 signaling promotes pro- 
cessing of the transcription factor NF-tcB2/p100 to 
p52. NF-kB2/p100 cleavage was abrogated in B cells 
from A/WySnJ mice possessing a mutant BR3 gene, 
but not in TACI or BCMA null B cells. Furthermore, 
wild-type mice injected with BAFF-neutralizing BR3- 
Fc protein showed reduced basal NF-kB2 activation. 
BR3-Fc treatment of NZB/WF1 mice, which develop a 
fatal lupus-like syndrome, inhibited NF-kB2 processing 
and attenuated the disease process. Since inhibiting 
the BR3-BAFF interaction has therapeutic ramifica- 
tions, the ligand binding interface of BR3 was investi- 
gated and found to reside within a 26 residue core 
domain. When stabilized within a structured p-hairpin 
peptide, six of these residues were sufficient to confer 
binding to BAFF. 

Introduction 

Survival signals are critical for the proper development 
and maintenance of the immune system as they regulate 
the magnitude and duration of the immune response. 
Many cytokines, including members of the TNF family, 
such as CD40 ligand, have been shown to function as 
potent survival factors for specific lymphoid populations 
(Locksley et al., 2001). BAFF (also known as BLyS, 
TALL-1, ZTNF4, THANK, and TNFS 13B) (Moore et a!., 
1999; Schneider et al., 1999), a recently defined member 
of the TNF family, is a homotrimeric type 2 transmem- 
brane protein expressed by macrophages, monocytes, 
and dendritic cells. BAFF, like other members of the 
TNF family, also exists in a soluble form following cleav- 
age from the cell surface by Furin-type proteases. It 
shares most sequence similarity with APRIL, another 
member of the TNF family, which is expressed by 
lymphoid cells and at high levels by some tumor cells 
(Hahne et al., 1 998). BAFF is critical for the development 

1 Correspondence: dixrt@gene.com (V.M.D.) or star@gene.com 
(M.A.S.) 



and survival of peripheral B c lis; mic lacking BAFF 
display an almost total loss of follicular and marginal 
zone B cells (Gross et al., 2001 ; Schiemann et al., 2001). 
Transgenic mice overexpressing BAFF develop aut im- 
mune disorders characterized by B cell hyperplasia and 
autoantibody production including anti-DNA and rheu- 
matoid factor. The animals eventually succumb to an 
immune complex-mediated, lupus-like nephritis (Gross 
et al., 2000; Khare et al., 2000; Mackay et al., 1999). 
Intriguingly, humans suffering from autoimmune syn- 
dromes, including systemic lupus erythematosus (SLE), 
rheumatoid arthritis; and Sjogren's syndrome, where 
end organ damage is primarily in the kidneys, joints, 
and salivary/lacrymal glands, respectively, have ele- 
vated levels of serum BAFF. Furthermore, BAFF levels 
correlate with disease severity, consistent with a possi- 
ble role in the pathogenesis of these disabling maladies 
(Cheema et al., 2001; Groom et al., 2002; Zhang et al., 
2001). 

Of the three receptors for BAFF, only BR3 (also known 
as BAFF-R) is specific; the other two, TACI and BCMA, 
also bind the related ligand APRIL (Gross et al., 2000; 
Thompson et al., 2001; Yan et al., 2000, 2001a). Th 
extracellular domain of TACI has a characteristic TNFR- 
like structure encompassing two cysteine-rich domains 
(CRDs) that are the hallmark of the TNF receptor family. 
These approximately 40 residue pseudorepeats have a 
distinct structure, typically characterized by three intra- 
chain disulfides involving six highly conserved cys- 
teines. BCMA is unusual in that it contains only a single 
canonical CRD. However, BR3 is even more divergent 
in that its extracellular domain is composed of only a 
partial CRD, containing four cysteine residues with 
spacing distinct from other TNFR modules character- 
ized previously (Bodmer et al., 2002; Naismith and 
Sprang, 1 998). Conventional members of the TNFR fam- 
ily utilize two CRDs for binding ligand; contacts stem 
primarily from analogous loops from each CRD inter- 
acting with two distinct surface patches on the ligand 
(reviewed in Bodmer et al., 2002). Thus, how high-affinity 
binding to BAFF is achieved by only a single, or partial, 
CRD, like that of BR3, is unclear. Recent crystal struc- 
tures of BAFF reveal a trimeric TNF-like fold with several 
distinguishing features (Karpusas et al., 2002; Liu t al., 
2002; Oren et al., 2002); however, no structure of any 
of the BAFF receptors has been described. 

Characterization of naturally occurring mutations and 
knockout mice have revealed components of the B cell 
survival pathway potentially engaged by BAFF. Sine 
A/WySnJ mice that possess a mutant BR3 display a 
profound lack of B cells, akin to BAFF null mice, it has 
been hypothesized that BR3 must engage a B cell sur- 
vival pathway (Gross et aJ., 2001 ; Schiemann et al., 2001 ; 
Thompson et al., 2001; Yan et al., 2001a). Further, the 
NF-kB pathway is an attractive candidate for activation 
by BR3 becaus certain components are required f r B 
cell survival and maintenanc (Caamano t al., 1998; 
Franzoso et al., 1998). F r example, IKKa, on of two 
catalytic subunits within the IkB kinase complex, is re- 
quired for B cell maturation, f rmation of secondary 
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Figure 1 . Involvement of Endogenous BAFF/BR3 in Basal Processing of NF-kB2 In Vivo 

(A) Five C57BL/6 wild-type mice were injected intraperitoneal ly with PBS, 100 \ug TACI-Fc, or 100 p. g BR3-Fc daily for 5 days. 10 pooled 
splenic B cell lysate from each group was subjected to SDS-PAGE followed by Western blot analysis with anti-NF-KB2 or anti-S actin. 

(B) Splenic B cells from PBS- or BR3-Fc -treated mice as described above were cultured with or without 1 \uQ/m\ recombinant BAFF for 24 
hr. Thereafter. 1 0 p.g cultured B cell iysates were subjected to Western blot analysis with anti-NF-icB2 or anti-p actin. 

(C) B cells were purified from pooled spleens of C57BU6 (control), BCMA '" (Xu and Lam, 2001), TACI'- (Yan et al., 2001 b), A/J, and A/WySnJ 
mice. 10 jig cell Iysates were subjected to Western blot analysis with anti-NF-KB2 or anti-p actin. 



lymphoid organs, and the inducible processing of the 
latent transcription factor NF-kB2 (p1 00) to the active 
p52 NF-kB subuntt (Kaisho et al., 2001 ; Senftleben et 
al., 2001). Upon ectopic expression, an IKKa-interacting 
kinase, NIK, is also capable of triggering NF-KB2/p100 
processing (Xiao et al., 2001). Indeed, processing by 
ectopic NIK is inhibited in IKKa-null lymphoid cells 
(Senftleben et al., 2001), consistent with IKKa function- 
ing downstream of NIK. In vitro studies suggest that 
IKKa can directly phosphorylate NF-KB2/p100, leading 
to ubiquitin-dependent generation of p52 (Senftleben et 
al., 2001). 

The only known activator of the NIK/IKKo/NF-kB2 
pathway is the receptor for lymphotoxin-p (LTpR) (Yin 
et al., 2001). Agonistic LTjJR antibodies induce NF-kB2/ 
p100 processing in an NIK- and IKKa -dependent manner 
(Ghosh and Karin, 2002). LT|3R, however, is expressed 
on stromal cells and not on B lymphocytes, so the B 
cell ligand/receptor responsible for engaging the NIK/ 
IKKo/NF-kB2 pathway has been enigmatic. BAFF (Moore 
et al., 1999; Schneider et al., 1 999), as a potent survival 
factor for B cells, is an attractive candidate along with 
its receptors TACI, BCMA, and BR3/BAFF-R (Gross et 
al., 2000, 2001; Schiemann et al., 2001; Thompson et 
al., 2001 ; Yan et al., 2000, 2001 a). Of the three receptors, 
BR3 is most likely to signal B cell survival, as the BR3/ 
BAFF-R mutant mouse strain A/WySnJ has defects in 
B cell maturation and lymphoid organ architecture simi- 
lar to that seen in NIK (Yin et al., 2001 )-, IKKa (Kaisho et 
al., 2001 ; Senftleben et al., 2001)- and NF-KB2-deficient 
mice (Caamano et al., 1998; Franzoso et al., 1998). In 
contrast, BCMA null mice have no discemable pheno- 
type (Schiemann et al., 2001; Xu and Lam, 2001), and 
TACI null mice p ssess hyperresponsive B cells, spleno- 
megaly, and increased Ig levels (Yan et al., 2001 b), con- 
sistent with TACI functioning as an inhibitory receptor. 



Herein, we show that the BAFF-BR3 interaction does 
indeed promote processing of NF-KB2/p1 00, both phys- 
iologically and in a murine model of lupus. Additionally, 
we demonstrate that BR3 binds BAFF through a discrete 
surface loop; structural mimics of this loop could be 
used to develop inhibitors to treat autoimmune dis- 
orders. 

Results and Discussion 

BAFF/BR3 Signaling Promotes Processing 
of NF-kB2 

Initially, we determined the impact of BAFF on NF-kB2/ 
p1 00 processing in the whole animal. As reported pre- 
viously (Senftleben et al., 2001; Yamada et al., 2000), 
splenic B cells from untreated, naive mice display basal 
activation of the NIK/IKKo/NF-kB2 pathway as evi- 
denced by the presence of p52. This signaling presum- 
ably results from the presence of an endogenous activa- 
tor, possibly BAFF, in the splenic microenvironment. To 
test this possibility, C57BL/6 mice were injected with 
either purified recombinant TACI-Fc, which neutralizes 
both BAFF and APRIL, or BR3-Fc, which specifically 
binds BAFF (Gross et al., 2000; Thompson et al., 2001 ; 
Yan et al., 2000, 2001 a). In either case, generation of p52 
was diminished substantially, implying that endogenous 
BAFF is required for normal basal processing of NF-kB2/ 
p100 in splenic B cells in vivo (Figure 1 A). Nevertheless, 
BAFF may effect cleavage of NF-KB2/p1 00 indirectly by 
inducing other cytokines that activate NF-KB2/p100. To 
eliminate any contribution fr m accessory cells, splenic 
B cells purified from mice treated with BR3-Fc (to reduce 
basal p52 generation) were cultured in the presence of 
recombinant BAFF. Generation f p52 was augmented 
significantly in the presence of BAFF, consistent with 
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Figure 2. BR3 Activation Is Sufficient for NF- 
kB2 Processing (p100 to p52) 

(A) WEHl 231 murine B tymphoma cells were 
infected retroviral^ with vector alone (puro) 
or encoding Edar-BR3, Edar-BR3A8, Edar- 
BCMA, and Edar-TACI fusion constructs. The 
transfectants were stained with FLAG-EDA- 
A1 followed by anti-FLAG and PE-conjugated 
anti-rabbit After washing, cells were ana- 
lyzed on a FACScan (Becton Dickinson) and 
data processed using the CELLQuest pro- 
gram (Becton Dickinson). 

(B) WEHl 231 transfectants were cultured with 
1 fjLg/ml FLAG- ED A- A1 for 24 nr. 10 m-9 cell 
lysates of individual transfectants were sub- 
jected to Western blot analysis with anti-NF- 
kB2 or anti-p actin. 

(C) WEHl 231 transfectants were cultured 
with 1 |ig/ml FLAG-EDA-A1 for indicated peri- 
ods. Cell lysates (10 ^g) were subjected to 
Western blot analysis with anti-phospho-licB- 
a and anti-0 actin as a loading control. 
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BAFF acting directly on B cells to promote NF-kB2 pro- 
cessing (Figure 1 B, right 2 lanes). BAFF also increased, 
to a lesser extent, the amount of p52 in splenic B cells 
from untreated wild-typ mice (Figure 1 B, left 2 lanes), 
suggesting that endogenous levels of BAFF are not satu- 
rating. 

Since B cells express all three BAFF receptors (Gross 



et al., 2000; Schiemann et al., 2001; Thompson et a)., 
2001 ; Yan et al., 2000, 2001 a), we determined the c ntri- 
bution of each to NF-kB2 processing. Similar levels of 
processed p52 were found in B c lis from control 
C57BL/6, BCMA-, and TACI-deficient mic (Figure 1 C). 
In sharp contrast, no p52 was detected in B cells from 
the BR3 mutant A/WySnJ strain. These results c n- 
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Fig. 3a Fig. 3b 




Figure 3. BR3 Crosslin king Can Rescue Anti-IgM -Induced Apoptosis 

(A) WEHI 231 transfectants were cultured with or without 1 (xg/ml FLAG-EDA-A1 ± 5 jig/ml anti-FLAG Ab for 24 hr followed by cocufture with 
1 0 Mg/ml anti-IgM for 48 hr. Cells were then stained with FITC-AnnextnV (Becton Dickinson) and analyzed on a FACScan (Becton Dickinson). 
Data represent the mean ± SD of triplicate samples. 

(B) Five 24-week-old NZB/WF1 mice were injected intraperitoneally with PBS or 1 00 pjg BR3-Fc fusion protein three times a week for 5 weeks. 
10 jjug cell lysates from pooled splenic B cells of 54-week-old mice were subjected to Western blot analysis with anti-NF->cB2 or anti-fj actin. 
Age-matched C57BL/6 mice were used as control. 



firmed a critical role for BR3 in BAFF-induced pro- 
cessing of NF-kB2 in B cells. 

To extend these in vivo observations, we determined 
the ability of individual BAFF receptors to induce NF- 
kB2 processing in vitro. A receptor chimera system was 
used to stimulate each receptor specifically and to avoid 
activating endogenous BAFF receptors. Thus, the extra- 
cellular ligand binding domains of BCMA, TACI, and 
BR3 were replaced by the extracellular domain of the 
ectodysplasin receptor (Edar), a TNF receptor family 
member expressed in developing skin but not in 
lymphoid or hematopoietic tissues. Retroviral vectors 
were used to express Edar- BCMA, Edar- TACI, and Edar- 
BR3 in the murine B cell line WEHI 231 . Expression of the 
chimeric receptors was confirmed by flow cytometric 
analysis of cells surface stained with the cognate ligand 
for Edar, EDA-A1 (Figure 2A). Transfectants were cul- 
tured in the presence of EDA-A1 to crosslink and acti- 
vate the chimeric receptors and then examined for the 
presence of p52. As shown in Figure 2B, control puromy- 
cin-resistant cells only expressed unprocessed NF-kB2/ 
p100. In contrast, p52 was induced in Edar-BR3 
transfectants treated with EDA-A1 . In keeping with the 
in vivo data (Figure 1 C), p52 was not generated in either 
Edar-BCMA or Edar-TACI transfectants, despite pro- 
longed culture with EDA-A1 (Figure 2B). Taken together, 
these data suggest that BR3 alone can induce proteo- 
lytic maturation of NF-kB2 to p52. To mimic the inser- 
tional mutation that disrupts the eight C-terminaJ amino 
acids of BR3 in A/WySnJ mic (Yan et al., 2001a), we 



generated an Edar receptor chimera lacking these eight 
residues (Edar-BR3A8). This mutant receptor chimera 
failed to initiate p1 00 processing following EDA-A1 treat- 
ment (Figure 2B), suggesting that the BR3 C terminus 
is critical for NF-kB2 activation. 

Most TNFR members can also activate the classical 
NF-kB pathway (Ghosh and Karin, 2002). In this path- 
way, IKKp phosphorylates IkB, resulting in ubiquitin- 
dependent degradation of IkB and subsequent translo- 
cation of the cytoplasmic p50/p65 transcriptional com- 
plex to the nucleus. To determine if any of the BAFF 
receptors engaged this pathway, we examined the abil- 
ity of individual BAFF receptors to induce phosphoryla- 
tion of IkB in WEHI231 transfectants. As shown in Figure 
2C, all three BAFF receptors induced phospho-kB 
(Ser32/36) within 1 0 min of activation. BR3A8 was unable 
to induce IkB phosphorylation, suggesting that the C- 
terminal eight amino acid residues are important for 
engaging both the classical NF-kB and the NF-kB2 path- 
ways. While these data indicate that all three BAFF re- 
ceptors can activate the classical NF-kB pathway, the 
physiological significance of this is still unclear. 

BR3 Signaling Protects WEHI 231 Cells 

from Anti-lgM-lnduced Apoptosis 

Potentially harmful, autoreactiv B cells are likely kept 

in check by multiple mechanisms including deleti n 

(Goodnow, 1992; Hertz and Nemazee, 1998; Klin man, 

1996), but inappropriately high levels of a B cell survival 

factor, such as BAFF, may overcome such regulatory 
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Figure 4. BR3-Fc Blocks Development of Lupus Disease in NZB/WF1 Mice 

(A) 24-week-old female NZB/WF1 mice (1 2 mice per group) were injected intraperitoneal ly with PBS (open circles) or 1 00 BR3-Fc (filled 
circles) three times a week for 5 weeks. Mice were checked three times a week for morbidity. The number of mice surviving in each treatment 
group is shown. 

(B) Serum levels of circulating anti-dsDNA antibodies were checked monthly and are shown as OD w values from an ELISA. 

(C) Proteinuria was checked monthly and the percentage of mice in each group with levels greater than 300 mg/dL is shown. 

(D) 54-week-old NZB/WF1 kidneys from both treatment groups. Arrows indicate fibrinoid necrosis and sclerosis prominent in affected glomeruli 
accompanied by occasional crescent formation within the PBS-treated mice (left panel) compared to minimal glomerular changes in BR3-Fc- 
treated animals (right panel). 



mechanisms. Indeed, elevated BAFF serum levels have 
been reported for patients with SLE (Zhang et at., 2001) 
and Sjogren's syndrome (Groom et al., 2002), although 
a causal link is yet to be established. An in vitro model 
for B cell negative selection is the induction of apoptosis 
in WEHI 231 cells by crosslinking anti-IgM antibody 
(Benhamou et al., 1990; Hasbold and Klaus, 1990). We 
found that prior engagement of Edar-BR3 with either 
FLAG-EDA-A1 alone or FLAG-tagged ligand hyper- 
crosslinked with anti-FLAG antibody caused a marked 
reduction in anti-lgM-induced apoptosis. In contrast, 
crosslinking Edar-BR3A8 failed to rescue the anti-IgM 
stimulated cells (Figure 3A). Thus, the C terminus of BR3 
is critical for p52 generation, phospho-UB induction, 
and th pro-survival role of BR3 in B cells. 



Blockade of BAFF Signaling in NZB/WF1 Mice 
Abrogates p52 Generation and the Development 
of Spontaneous Lupus-like Disease 
Given that BR3 signaling can protect WEHI 231 cells 
from apoptosis induced by engagement of the B cell 
receptor, inappropriate activation of the BAFF-BR3 axis 
might contribute to the emergence of autoreactive B 
cell clones that play a pathogenic role in autoimmune 
disease. To investigate this possibility, we studied NZB/ 
WF1 mice that develop spontaneous, fatal lupus-like 
disease. At 22-24 weeks of age, NZB/WF1 mice exhib- 
ited a slight but reproducible increase in the level of p52 
in their B cells when compared to C57BL/6 mice (Figur 
3B). This finding is consistent with the elevated levels 
of BAFF in NZB/WF1 mice (Gross et al., 2000). To assess 
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Figure 5. Sequences of BR3 Variants and Structure of bhpBR3 
(A) Amino acid sequences of BR3 variants used in this study. 

(B and C) Three-dimensional structure of bhpBR3 determined by NMR spectroscopy. The backbone atoms of 20 models are shown superposed 
with residue labels positioned in the direction of the side chain (B); one representative structure highlighting the BR3 turn residues (C) in the 
same orientation as in B. 



directly the contribution of BAFF to disease progression 
in NZB/WF1, we treated 24-week-old female animals 
(1 2 per group) with a short 5 week course of BR3-Fc. 
This treatment dramatically attenuated the lupus-like 
disease for the remaining 30 week length of the study: 
B cell p52 levels were markedly reduced (Figure 3B), 
there was a 100% survival rate (Figure 4A), and the 
mice possessed fewer anti-double-stranded (ds) DNA 
antibodies (Figure 4B). Renal damage was also less se- 
vere as evidenced by diminished proteinuria (Figure 4C) 
and only mild glomerular changes on renal histology 
(Figure 4D). Previous studies have shown that treatment 
with TACI-Fc, which binds both BAFF and APRIL, also 
suppresses proteinuria but does not block the genera- 
tion of anti-dsDNA antibodies (Gross et al., 2000). It is 
not clear why BR3-Fc, which exclusively binds BAFF 
(Thompson et al., 2001; Yan et al., 2001a), should so 
potently suppress autoantibody titers, but it may relate 
to pharmacokinetic differences or a greater potency in 
neutralizing bioavailable BAFF. 

To assess the effect of initial BR3-Fc treatment on 
long-term leukocyte counts, peripheral blood was ana- 
lyzed at the time of sacrifice. Leukocyte counts including 
B cell numbers were within normal limits at the end of 
the study. Thus, the initial BR3-Fc treatment may have 
eliminated or silenced B cell populations that play a 



pathogenic role in the development of this autoimmune 
disorder. In contrast, control-treated animals rapidly de- 
veloped anti-dsDNA autoantibodies (Figure 4B) and suc- 
cumbed to diffuse membranoproliferative glomerulone- 
phritis characterized by mesangial proliferation and 
inflammatory cell infiltrates. Fibrinoid necrosis and scle- 
rosis were prominent in affected glomeruli accompanied 
by occasional crescent formation (Figure 4D). In sum, 
the data suggest that preventing the BAFF-BR3 interac- 
tion may represent a viable therapeutic treatment for 
lupus. 

The BAFF Binding Site within BR3 Is Contained 
within a 26 Residue Core Domain 
As a first step toward developing agents to disrupt the 
BAFF-BR3 interaction, an NMR analysis of the extracel- 
lular ligand binding domain of BR3 was performed. In- 
triguingly, only the central one-third of the protein 
adopts a stable structure in solution; this core is stabi- 
lized by two disulfide bonds connecting Cys19/Cys32 
and Cys24/Cys35 (M.A.S., J.Y., and W.J. Fairbrother, 
unpublished data). C nsequently, a 26 residu miniBR3 
peptide was synthesized, incorporating th 1 :3, 2:4 di- 
sulfide-bonding pattern, and characterized structurally 
(Figure 5A). Indeed, NMR spectra of miniBR3 indicated 
that this peptide adopts essentially the same structure 
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Figure 6. Binding of BR3 Variants to BAFF 

(A) Competitive displacement of biotinylated miniBR3 measured by ELISA (see Experimental Procedures). Data are shown for BR3 extracellular 
domain (filled squares), miniBR3 (open squares), and bhpBR3 (filled circles). IC^ values from the fitted curves are 70 nM, 65 nM, and 15 jlM, 
respectively. 

(B) COS 7 cells transfected with BAFF were stained with BR3-Fc or BR3 A26/A28-Fc followed by Cy3-labeled anti-human IgG Fc. 

(C) Splenic B cells from B R 3- Fc -treated mice were cultured for 24 hr in the presence or absence of recombinant BAFF (2 nM), which had 
been preincubated for 30 min with bhpBR3 (60 m-M) or a control hairpin peptide composed of an unrelated turn sequence in the same bhp 
scaffold (bhpC, 60 \iM). Thereafter, B cell lysates (1 0 \ug) were subjected to Western blot analysis with anti-NF-icB2 or anti-0 act in. 



as in the context of the full-length protein (not shown). 
Importantly, miniBR3 also binds with the same affinity 
as full-length BR3 to BAFF (~70 nM IC^,; Figure 6A). 

Given that high-affinity BAFF binding was contained 
within a 26 residue core, we attempted to further delin- 



eate the BAFF binding p rtion of BR3. In crystal struc- 
tures of other TNF-like ligand/recept r c mplexes, a 
receptor loop analogous to BR3 residues ^DLLVRH 31 
is involved in forming direct c ntacts with the ligand 
(Bodmer et a!., 2002, and references therein). Intrigu- 
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ingly, all three BAFF receptors share the short motif 
"DxL" at the beginning of this loop (see below). The 
importance of the conserved motif for BAFF binding 
was tested by site-directed mutagenesis. As shown in 
Figure 6B, replacement of the two invariant loop resi- 
dues of BR3-Fc (D26 and L28) with alanine resulted 
in complete loss of binding to BAFF, confirming the 
importance of the loop in BAFF recognition. 

In the context of both full-length and miniBR3, NMR 
analysis suggested that the critical loop sequence 
^DLLVRH 31 presents a type I 0 turn centered at L28/V29 
with potential for backbone hydrogen-bonding between 
Asp26 and His31 . Thus, in order to test whether this 
loop might be sufficient for binding, we synthesized a 
1 2 residue peptide in which the six residues from BR3 
were embedded within a disulfide-bonded p hairpin 
(bhp) scaffold (Figure 5A). Previously, we have shown 
that the strong strand-strand interactions in these scaf- 
folds can structure a variety of (J turns (Cochran et al., 
2001 ; S.J. Russell, T. Bland I, N.J. Skelton, and A.G.C., 
unpublished data; Russell and Cochran, 2000). 

The peptide bhpBR3 adopts a remarkably stable con- 
formation in solution as indicated by a high degree of 
chemical shift dispersion, extreme values for many of 
the backbone and side chain coupling constants, and 
a large number of long-range NOEs present in its NMR 
spectra (see supplemental table S1 at http-7/www. 
immunity.com/cgi/content/full/1 7/4/51 5/DC1). The 
three-dimensional structure of bhpBR3 consists of a p 
hairpin in which the BR3 turn sequence adopts the type 
I p turn structure, as expected, with Arg30 adopting a 
positive 4> angle and the side chains of the invariant 
Asp26 and Leu28, as well as those of Val29 and His31 , 
projecting on one face of the 0 turn (Figures 5B and 5C). 
If BR3 binds BAFF using interactions homologous to 
those observed for TNFR and DR5 (Hymowitz et al., 
1 999), then one would expect this face (the "bottom" 
face of the turn shown in Figure 5C) to contact BAFF. 

Because bhpBR3 structurally mimics the BR3 turn, 
we tested whether it could compete with miniBR3 for 
binding to BAFF (Figure 6A). Remarkably, the 1 2 residue 
peptide blocked binding of the larger core domain (ICso = 
1 5 p,M), indicating that the critical binding determinants 
do indeed reside in the six residue loop shown in Figure 
5C. Finally, we tested whether bhpBR3 could function 
in a bioassay: bhpBR3, but not a control hairpin peptide, 
blocked BAFF-mediated NF-KB2/p52 induction in pri- 
mary B cells (Figure 6C). 

Our finding that a 0 turn structure from BR3 has signifi- 
cant affinity for BAFF has implications for recognition 
of BAFF by its other receptors. TACI and BCMA share 
homologous sequences in this loop region that would 
be expected to adopt a similar turn conformation to that 
in BR3 (DSLLHA, DPLLGT, and DHLLRD, for BCMA and 
CRDs 1 and 2 of TACI, respectively). Therefore, the inter- 
actions of this turn with ligand will likely be a conserved 
feature of all BAFF/receptor complexes. The surprising 
identification of such a focused recognition epitope will 
provide the framework for developing small-molecule 
peptidomimetic inhibit rs of the BAFF-BR3 interaction; 
these inhibitors may have therapeutic potential in the 
treatment of autoimmune diseases such as lupus. 



Experimental Procedures 
Isolation and Culture of B Cells 

Splenic B cells were isolated using MACS beads (Miftenyi). Recov- 
ered cells were >96% B220 + lgM + B cells. In some experiments, 
freshly isolated B cells were further cultured with 1 jig/ml recombi- 
nant BAFF (Yan et al., 2001a) for 24 hr. 

Western Blot Analysis 

Cell lysis and immunoblotting were performed as described (Humke 
et al., 2000). Anti-NF-icB2 (Santa Cruz) was used to detect p100 
and p52. P h os pho- 1 kB-q- specific antibody (Ser32/36, Cell Signaling) 
was used to detect phospho-licB-a. 

Retroviral Construction and Infection 

Extracellular domains of BCMA (1-42), TACI (1-114), and BR3 (1- 
55) were replaced by Edar (1 -1 82) by recombinant PCR. Resulting 
cDNAs were subcloned into a puromycin-selectabte retrovirus vec- 
tor. Production and infection of retrovirus were performed as de- 
scribed elsewhere (Humke et al., 2000). WE HI 231 cells stably ex- 
pressing chimeric receptors were selected using 1 ^g/ml puromycin. 

NZB/WF1 Lupus Mice Studies 

Female NZB/WF1 mice were purchased from Jackson. Proteinuria 
levels were monitored by Uristix (Ames). Anti-dsDNA antibody titers 
in the serum were measured using poly L-lysine/poly dAdT (Sigma) 
coated plates and detected with HRP-conjugated goat anti-mouse 
IgG antibody. In some experiments, kidneys from 54-week old NZB/ 
WF1 mice were fixed in 10% neutral- buffered formalin and embed- 
ded in paraffin. Three micron thick sections stained with hematoxylin 
and eosin were examined by light microscopy. 

Protein Production 

The extracellular domain of BR3 was subcloned into the pET32a 
expression vector (Novagen), creating a fusion with an N-terminal 
thioredoxin (TRX)-His-tag followed by an enterokinase protease site. 
E. co// BL21(DE3) cells (Novagen) were grown at 30°C and protein 
expression was induced with IPTG. TRX-BR3 was purified over an 
Ni-NTA column (Qiagen), eluted with an imidazole gradient, and 
cleaved with enterokinase (Novagen). BR3 was then purified over 
an S-Sepharose column, refolded overnight in PBS (pH 7.8), in the 
presence of 3 mM oxidized and 1 mM reduced glutathione, dialyzed 
against PBS, re purified over a MonoS column, concentrated, and 
dialyzed into PBS. 

Peptide Synthesis 

MiniBR3 and bhpBR3 were synthesized as C-terminal amides on a 
Pioneer peptide synthesizer (PE Bio systems) using standard Fmoc 
chemistry. For miniBR3, the side chain thiols of cysteines 1 9 and 
32 were protected as the trifluoroacetic acid (TFA)-stable acetami- 
domethyl (Acm) derivatives. Peptides were cleaved from resin by 
treatment with 5% triisopropyi silane in TFA for 1 .5-4 hr at room 
temperature. After removal of TFA by rotary evaporation, peptides 
were precipitated by addition of ethyl ether, then purified by re- 
versed-phase HPLC (acetonitrile/H 2 O/0.1 % TFA). Peptide identity 
was confirmed by electrospray mass spectrometry. BhpBR3 was 
converted to the cyclic disulfide by dropwise addition of a saturated 
solution of l 2 (in acetic acid) to HPLC fractions. After lyophilization, 
the oxidized peptide was purified by HPLC. HPLC fractions con- 
taining reduced miniBR3 were adjusted to a pH of ~9 with NH 4 OH; 
the disulfide between cysteines 24 and 35 was then formed by 
addition of a small excess of r^FefCN^, and the oxidized peptide 
purified by HPLC. Acm groups were removed (with concomitant 
formation of the second disulfide) by treatment of the HPLC eluate 
with a small excess of l 2 over ~4 hr. The progress of the oxidation 
was monitored by analytical HPLC, and the final product was again 
purified by HPLC. MiniBR3 was ami no-terminal ry biotinylated while 
on resin, then cleaved and purified exactly as described above for 
the unmodified peptide. 

NMR Spectroscopy 

Two-dimensional (2D) NMR experiments were acquired and ana- 
lyzed as described (Starovasnik et al., 1996) using a Bruker DRX- 
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600 spectrometer at 293K on a sample containing 2.9 mM bhpBR3 
(pH 4.5), with 0.1 mM DSS as a chemical shift reference. Distance 
restraints were derived from 2D NOESY spectra (t„, 250 ms); dihedral 
angle restraints were derived from analysis of a 2D DQF-COSY 
spectrum acquired in 92%H 2 0/8%D 2 0 and a 2D COSY-35 spectrum 
acquired on a sample dissolved in 100% D 2 0. Complete resonance 
assignments and coupling constant values are included in the sup- 
plemental data. 

The three-dimensional structure of bhpBR3 was calculated based 
on 119 NOE-derived (including 46 long-range) distance restraints 
and 16 dihedral angle restraints. 100 initial structures were calcu- 
lated using DGII; 80 of these were further refined by restrained 
molecular dynamics using DISCOVER as described (Starovasnik et 
al., 1996). Twenty structures having the lowest restraint violation 
energy represent the solution conformation of bhpBR3. The model 
with the lowest rms deviation (RMSD) to the average coordinates 
of the ensemble was chosen as the representative structure (model 
1 in the PDB file). The final ensemble of twenty models satisfies 
the input data well, having no distance or dihedral angle restraint 
violations greater than 0.1 A or 1°, respectively. The structures are 
well defined, with an average backbone RMSD to the mean coordi- 
nates of 0.24 ± 0.06 A, and have good covalent geometry as judged 
by PROCHECK (86% of the residues in the most favored, 10% in 
the allowed, and 4% in the generously allowed regions of <^ space) 
(Laskowski et al., 1993). Trie structure of bhpBR3 will be available 
from the RCSB Protein Data Bank (ID code 1MPV). 

Competitive Displacement ELISA 

Nunc Maxisorp 96-well plates were coated overnight at 4°C with 
100 of a 2 jtg/ml solution of BAFF in carbonate buffer (pH 9.6). 
The plate was washed with PBS and blocked with 1 % skim milk in 
PBS. Serial dilutions of BR3 variants were prepared in PBS/0.05% 
Tween 20 containing 3 ng/ml btotinylated miniBR3. After washing 
with PBS/Tween, 100 pJ/well of each dilution was transferred and 
incubated for 1 hr at room temperature. The plate was washed with 
PBS/Tween and incubated for 15 min with 100 ^I/well of 0.1 U/ml 
Streptavidin-POD (Boehringer Mannheim) in PBS/Tween. After 
washing with PBS/Tween followed by PBS, the plate was incubated 
for 5 min with 1 00 m-I PBS substrate solution containing 0.8 mg/ml 
OPD (Sigma) and 0.01 % H 2 0 2 . The reaction was quenched with 1 00 
id/well 1 M H3PO4 and the plate read at 490 nm. IC M values were 
determined by a four-parameter fit of the competitive displacement 
ELISA signal. The concentrations of initial stock solutions of bhpBR3 
were determined spectro photo metrically as described (Gill and von 
Hippel, 1 989), while those of miniBR3 and BR3 extracellular domain 
were determined by quantitative amino acid analysis. 

BR3-Fc Staining of BAFF-Transfected COS7 Cells 
Mutations that disrupt residues within the "DLLVRH 31 loop 
(D26— A26 and L28— A28) were introduced into BR3-Fc cDNA (Yan 
et al., 2001 a) by PCR. C0S7 cells transfected with BAFF were stained 
with 1 jig/ml BR3-Fc or BR3 A26/A28-Fc. Cells were washed and 
fixed, and bound receptor detected with Cy3-labeled anti-human 
IgG Fc (Jackson). 
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